Introduction
Mitochondria and mitochondria-derived organelles are essential for eukaryotic cells. They are important in many cellular processes such as signaling, lipid and amino acid metabolism, iron-sulfur-cluster biogenesis, and energy production (reviewed in [1] ). To carry out all these functions they require a proteome encoded by genes that are distributed in both the nuclear and the mitochondrial genomes; the proper mitochondrial biogenesis involves the coordinated expression of these separate sets of genes (reviewed in [2] ). Mitochondrial ribosomes synthesize a few proteins within the matrix, mainly hydrophobic components of the oxidative phosphorylation complexes [3] , and the majority of mitochondrial proteins (approximately 1000 in the budding yeast Saccharomyces cerevisiae) are synthesized by cytosolic ribosomes before being directed to and imported into the mitochondria [4] . A large amount of evidence has been accumulated over the past decades on the mitochondrial membrane complexes that ensure the correct translocation and delivery of proteins into the appropriate subcompartment, depending on the signals contained within their amino acid sequences [2, 4, 5] . However, which proteins assist initial stages of protein recognition and delivery to the mitochondrial surface is still under debate [6] . It was initially postulated that mitochondrial proteins were recognized post-translationally with the help of cytosolic chaperones and that all the signals for proper localization were concealed within the amino acid sequence of a protein [7, 8] . However, growing evidence suggests that several signals act before proteins have been fully synthesized and therefore not only the amino acid sequence is important in vivo, but also signals such as those present on the mRNAs encoding them [9] [10] [11] [12] .
One of the cytosolic chaperones that has been proposed to act during these initial steps is the nascentpolypeptide associated complex (NAC): a chaperone associated to nascent chains at the exit tunnel of cytosolic ribosomes in eukaryotic cells [13] [14] [15] [16] . This heterodimeric complex is composed of one a and one b subunit, which form a flattened b barrel with both subunits adopting a similar fold [17, 18] . The physical association of NAC to translationally active ribosomes occurs through the N-terminal segment of the b subunit, which anchors the complex to the ribosomal proteins uL23 and eL31 in yeast [16, 19] . This complex has been involved in several processes such as protecting nascent polypeptides from aggregation and mistargeting to organelles like the endoplasmic reticulum [20, 21] . In S. cerevisiae the a subunit is encoded by the EGD2 gene, and there are two genes encoding b subunits as a consequence of the whole-genome duplication: EGD1 and BTT1 (b and b 0 , respectively [22] ). Thus, there are two possible NAC heterodimers in yeast: ab and ab 0 . It is known that, under standard laboratory conditions, b is preferentially expressed and that its level of expression is similar to that of the a subunit; hence it has been suggested that ab-NAC is the complex performing the reported NAC functions [23] . It has been previously observed that yeasts mutants lacking ab-NAC subunits show defects in the import of mitochondrial matrix proteins such as Mdh1, Fum1 and Mmf1 as well as fusion proteins [24] . In addition, the mitochondrial outer membrane protein Om14 was recently found to physically interact with ab-NAC and was therefore proposed as a receptor on the surface of the organelle [25] .
In this work we report a functional relationship between ab 0 -NAC and the outer membrane protein Sam37 during mitochondrial protein import. Sam37 is a subunit of the sorting and assembly machinery (SAM) complex and was reported to be responsible for the physical association between the translocase of the outer membrane (TOM) and SAM complexes to ensure an efficient and coordinated insertion of b barrels into the outer membrane [26, 27] . We identified aggravating genetic interactions between SAM37 and the genes encoding the subunits a-and b 0 -NAC (EGD2 and BTT1, respectively). Mutants lacking both components showed defects in protein levels of several mitochondrial subcompartments and accumulation of mitochondrial precursor proteins in the cytosol. In addition, we found that a-and b 0 -NAC physically interact with Sam37. We suggest that ab 0 -NAC cooperates with Sam37 at early stages of recognition of nuclear-encoded mitochondrial proteins.
Results and Discussion
Genes encoding NAC subunits display aggravating genetic interactions with SAM37
Mitochondrial import is an essential process for any eukaryotic cell. If NAC plays a relevant role in this process, this component should also be essential. Such is the case for model organisms like nematodes [28] , fruit flies [29] and mice [30] . However, it has been observed that yeast strains lacking all genes encoding NAC subunits show a wild-type phenotype under standard laboratory conditions [23] . We thus hypothesized the existence of at least one additional component in S. cerevisiae, which is functionally redundant to NAC and assists protein import into mitochondria. If such were the case, a deleterious or lethal phenotype would only be observed when both components are simultaneously deleted. To explore this hypothesis, we decided to carry out a screen for aggravating genetic interactions of NAC using the synthetic genetic array (SGA) methodology [31, 32] . This approach was used beforehand to build a genome-scale genetic interaction map [33] . As part of that study, a Degd1 mutant was included as bait, but the identification of genetic interactions for NAC could have been hindered by the presence of its BTT1 paralogue. Since the interactions of NAC have not been addressed in a comprehensive manner, we designed two independent genome-wide screens to expose the genetic interactions of each NAC subunit, i.e. a-NAC or bb 0 -NAC, by combining mutations with the single Degd2 or double Degd1Dbtt1 mutant, respectively.
First, we verified that each of the bait strains (Da and DbDb 0 ) showed no growth defect on fermentable or non-fermentable media as previously reported [23, 25, 34, 35] (Fig. 1) . This was also the case for all mutants of components of NAC, including single, double and the triple Degd1Degd2Dbtt1 (Dnac), tested at 25, 30 or 37°C. In our genetic background, even on synthetic media at 37°C, we did not detect any growth differences in contrast to what was reported before at higher temperature (42°C; Fig. 1 ) [23] . Then, after generating the two independent sets of double DaDx and triple DbDb 0 Dx mutants (where Dx represents any of the 4844 viable deletion mutants from the BY4741 yeast deletion collection), we were able to identify 131 and 76 aggravating genetic interactions of genes with the a-NAC and bb 0 -NAC components, respectively (Tables S1 and S2) . Our results showed the interaction between NAC and some cellular processes that had been already suggested, like the ubiquitin-proteasome system and mitochondrial biogenesis [15, 17, 25, 36, 37] . Some previously reported synthetic-lethal genetic interactions such as UBP14 and TOM1 with components of NAC were also confirmed ( Fig. 2A) [33] . Additional genetic interactions with other cytosolic chaperones were also detected. That was the case for SSZ1, an Hsp70 chaperone whose function has been related to protein biogenesis and folding [38] [39] [40] [41] .
Within the list of hits, we noticed a strong aggravating genetic interaction when combining the DbDb 0 and Dsam37 mutations. SAM37 is a gene whose encoded protein is located in the mitochondrial outer membrane and facilitates the assembly of b barrel proteins in the outer membrane as part of the SAM complex [26, 42, 43] . In addition Sam37 was initially proposed as a receptor for mitochondrial proteins [44] ; therefore, we decided to explore this relationship in detail. First, we verified the genetic interaction by random spore analysis (RSA) [32] . As it has been previously reported that a Dsam37 strain shows growth defects at high temperatures (Fig. 2B ) [44] , we decided to evaluate the growth of the resulting double or triple mutants at the standard growth temperature of 30°C as well as the described permissive temperature of 25°C. This RSA test not only confirmed the genetic interaction observed in the SGA (Fig. 2C, right panel) , but also showed an aggravating genetic interaction of SAM37 with EGD2, the gene encoding a-NAC (Fig. 2C, left  panel) . This indicated that SAM37 was a false negative in the SGA performed with the Da strain. The fact that the genetic interaction was similar when using either mutant as bait gave us good confidence that the relationship observed was linked to a function of assembled NAC and not of their individual subunits. Additionally, we evaluated the previously identified genetic interaction with TOM70, a receptor of the TOM complex [45] [46] [47] . TOM70 was not tested in the original screen because the double deletion was lost during the initial selection steps in our SGA screen; however, its homologue TOM71 was a positive hit in the SGA screen performed with the Degd2 strain (Table S1 ). We analyzed the genetic interaction of 
Synthetic-glucose TOM70 in our RSA and corroborated the syntheticlethal genetic interaction between TOM70 and EGD2, but not with EGD1/BTT1 (Fig. 2C ) [33] . Other nonessential genes encoding subunits of the TOM complex such as TOM5, TOM6 and TOM7 were included in the screening but did not show any aggravating genetic interaction with either of the NAC-encoding genes.
From all the interactions observed we decided to focus first on the specific relation of NAC genes with SAM37. Up to this point, the double mutant DbDb 0 (Degd1Dbtt1) was used to follow the function of both b subunits; therefore, we next asked if the epistasis of SAM37 with each NAC-encoding gene is the same. To answer this question, we generated double and triple nac-sam37 mutants (Table S3 ) and analyzed their growth phenotype on solid media under standard laboratory conditions using fermentable or respiratory carbon sources (Fig. 3A) . As expected, the single Dsam37
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Δsam37 3 . The genetic interaction observed between NAC genes and SAM37 is specific for genes encoding the subunits a (EGD2) and b 0 (BTT1). (A) Double or triple mutants between the three genes encoding NAC subunits and SAM37 were generated, grown to logarithmic phase and spotted on rich solid media. Plates were incubated at 25 or 30°C for 1.5 days on glucose, 2 days on galactose or 3 days on glycerol as indicated. (B) The aggravating phenotype observed in the Db 0 Dsam37 strain is restored by the ectopic expression of SAM37 under the control of the GAL1 promoter cloned in the pRS316 vector [57] . Serial dilutions were spotted onto synthetic medium lacking uracil with glucose as carbon source. (C) The synthetic effect observed between EGD2/BTT1 and SAM37 is not the result of an aberrant function of EGD1 when expressed alone. Strains lacking EGD1, EGD2 and BTT1 (Dnac), SAM37 (Dsam37), a quadruple mutant Dnac Dsam37 or the triple Dab 0 Dsam37 were grown to logarithmic phase and serial 1 : 10 dilutions were spotted on rich solid media with the indicated carbon source. Plates were incubated at 25 or 30°C. Growth assays in this figure were all made as described above.
showed a mild growth phenotype, particularly on fermentable media with glucose or galactose as carbon source, but notably, this effect was strongly aggravated in mutants lacking SAM37 in combination with aand/or b 0 -NAC. We confirmed that this effect was specific for the lack of SAM37, since its ectopic expression from a centromeric plasmid restored the wild-type growth phenotype (Fig. 3B) . The double mutant DbDsam37 showed the same phenotype as the single Dsam37 mutant. This result highlights for the first time a genetic phenotype involving the ab 0 -NAC complex. It was reported that the b-NAC subunit is predominant since its expression is higher under laboratory conditions (100 : 1 with respect to b 0 -NAC [23] ), and hence every NAC function studied so far has been linked to the ab-NAC complex. Our results indicated that NAC genes EGD2 (a-NAC) and BTT1 (b 0 -NAC), but not EGD1 (b-NAC), are functionally related to SAM37. In order to rule out a possible deleterious dominant phenotype caused by the remaining b-NAC subunit in our baits, we also analyzed the growth phenotype of a DnacDsam37 mutant where all the NACencoding genes are absent. This mutant showed the same phenotype as the mutant DaDb 0 Dsam37 confirming that the effect observed was only the result of the absence of those proteins and not an aberrant function of b-NAC (Fig. 3C ). Since mitochondrial activity in S. cerevisiae increases in respiratory conditions, it seems surprising that the observed growth defect is stronger on fermentable carbon sources (glucose and galactose) than on a non-fermentable carbon source (glycerol). However, it is likely that the effects caused by the deletion of ab 0 -NAC and Sam37 are more evident in fermentation because the process of mitochondrial import is already diminished and additional mutations aggravate the scenario. In contrast, under respiration conditions, the induced activity of the TOM receptors (and general mitochondrial biogenesis) can compensate the effect of the mutations in ab 0 -NAC and Sam37 [48, 49] .
Mitochondrial protein biogenesis is affected in a mutant lacking ab 0 -NAC and SAM37
Based on previously reported characteristics of Sam37 and our results presented above, we hypothesized that ab 0 -NAC and Sam37 could be involved in mitochondrial protein import, specifically during early steps of mitochondrial protein recognition in the cytosol. To test this hypothesis, we analyzed the steady-state levels of several mitochondrial proteins located in different subcompartments of the organelle. In cells grown at 30°C, mitochondrial proteins like Tom40, Oxa1, Nfs1 and Sod2 were strongly affected in the DaDsam37, Db 0 Dsam37, DaDb 0 Dsam37, DbDb 0 Dsam37 and DnacDsam37 mutants (Fig. 4A ). This effect was consistent with the observed growth phenotypes in the same strains (Fig. 3A) . In contrast, other proteins like Tom20, Mdm38 and mtHsp70 were apparently unaltered in every strain analyzed. When the strains were grown at 25°C there was no such defect observed, showing a specific temperature-sensitive impact of NAC and SAM37 mutations for these proteins (Fig. 4B) . As was previously observed in the growth phenotypes, this effect was not due to a detrimental effect of free b-NAC subunits in the mutants, since the DnacDsam37 strain shows similar steady state levels to the Db 0 Dsam37 strain (Fig. 4C) . From these results, we concluded that the heterodimer ab 0 -NAC plays a crucial role in mitochondrial protein biogenesis, and that this function is at least partially redundant with Sam37.
It has been previously reported that the ab-NAC complex assists protein delivery to mitochondria, and Om14 was recently identified as the receptor for the complex at the outer mitochondrial membrane [15, 24, 25, 36, 50] . In addition, it was observed that different NAC complexes associate with ribosomes translating different mRNAs and that mRNAs encoding mitochondrial proteins are preferentially bound by complexes containing b 0 -NAC [51] . Different NAC complexes, i.e. ab-NAC and ab 0 -NAC, could be involved in mitochondrial protein biogenesis probably by binding different substrates. However, ab 0 -NAC seems to play a more specific role for mitochondrial proteins since it is the one preferentially bound to active ribosomes translating mitochondrial proteins [51] . Its importance is strengthened by the growth defect produced by its simultaneous deletion along with SAM37. In contrast, the deletion of ab-NAC and its mitochondrial receptor Om14 does not produce any observable phenotype [25] . In agreement, our analysis either by SGA or by RSA showed no genetic interactions between any of the NAC-encoding genes and OM14 (Tables S1 and S2 , data not shown).
It has been reported that the lack of Sam37 impairs to some extent the function of the SAM complex during assembly of b barrel proteins in the mitochondrial outer membrane [26, 43, 52] . This directly affects Tom40, the central subunit of the TOM complex, and the total amount of assembled TOM complex. However, in these previous reports it was observed that even when TOM has decreased levels, the presence of mitochondrial proteins from the intermembrane space, the inner membrane, or the matrix is not affected, and thus this reduced amount of TOM seems to be sufficient to ensure protein import into the organelle [26, 52] . Our results presented above indicated that the simultaneous lack of ab 0 -NAC and Sam37 affects the steady state levels of Tom40, and therefore one possibility was that the other effects we were observing were an indirect effect caused by the decrease in the grown at 30°C (A) or 25°C (B) before whole-cell protein extracts were purified and 25 lg of proteins loaded onto SDS/PAGE gels. Proteins from each mitochondrial compartment were separated by denaturing electrophoresis and probed using specific antibodies. The cytosolic protein Hog1 was analyzed as loading control. (C) The decrease in the steady state levels of Tom40 and Oxa1 observed in mutants lacking a, b 0 and Sam37 is not the result of an aberrant function of b-NAC when expressed alone. Cultures from the indicated strains were grown at 30 or 25°C before whole-cell protein extracts were purified and 25 lg of proteins loaded onto SDS/PAGE gels. Proteins from each mitochondrial compartment were separated by denaturing electrophoresis and probed using specific antibodies. The cytosolic protein Hog1 was analyzed as loading control.
TOM complex. To verify this scenario, we analyzed the levels of assembled TOM by blue native electrophoresis followed by western blot (Fig. 5A ). In our hands, the Dsam37 strain also showed lower levels of TOM complex relative to the wild-type, as previously reported (Fig. 5A ) [26, 52] . An even stronger decrease in the TOM levels was observed in mutants where either a-or b 0 -NAC was also deleted (Fig. 5A , right panel, light green, dark green, dark blue and violet bars). In contrast, no further defects in the amount of TOM were detected when b-NAC was deleted together with SAM37 (Fig. 5A , right panel, light blue bars). By performing the same analysis with cells grown at 25°C, the Dsam37 strain still displayed lower levels of assembled TOM complex compared with the wildtype, as was described previously [52] (Fig. 5A, left  panel) . Notably, in this condition the effect on the detected levels of TOM complex in mutants involving a-or b 0 -NAC and SAM37 was the same at either 25 or 30°C. We observed similar levels of assembled TOM complex in the Dsam37, DaDbDsam37 and DbDsam37 strains. This could be explained by the ability of the remaining b 0 -NAC, alone or in complex with a-NAC, to act as chaperone and to support biogenesis of the TOM complex. The different effect observed on the levels of assembled TOM complex in the DaDsam37 mutant is probably due to the heterodymerization of b-and b 0 -NAC, which is normally not observed in wild-type cells where a-NAC is present. This would mean that the bb 0 -NAC heterodimer is unable to perform the same function as the ab 0 -NAC complex. Finally, in the case of the DbDb 0 Dsam37 mutant the effect observed can be explained by the inability of the residual a-NAC subunit to bind to the ribosomes and, therefore, to support cotranslational steps during protein biogenesis.
If the decrease in the TOM complex assembly efficiency were the only reason for the effects we observed, we would have expected the same alterations in the steady-state levels of the mitochondrial proteins at both 25 and 30°C, which was not the case (Fig. 4A,B) . Since the alteration in the TOM complex assembly could be detected in both conditions, we concluded that the lower level of TOM complex is not the direct cause of the observed defects in mitochondrial protein import. Several studies performed with conditional mutants as well as RNAi on the essential subunits of the SAM complex showed that even though the levels of TOM complex are decreased, those levels are sufficient to perform protein import into mitochondria, as shown by the steady state of proteins or by in vitro import reactions [26, 27, [52] [53] [54] [55] . Furthermore, to partially suppress the pleiotropic defects caused by the deletion of SAM37, we used an overexpression plasmid bearing the TOM6 gene under regulation of the TPI promoter [52] . This plasmid could partially recover the growth defect observed in the Dsam37 and in the Db 0 Dsam37 mutants (Fig. 5B) . The steady-state levels of the assembled TOM complex in the Dsam37 were also partially restored; however, this recovery was subtler in the Db 0 Dsam37 strain (Fig. 5C ). The TOM6 overexpression was also able to compensate Tom40 steady state levels; however, this did not affect the levels of Oxa1 (Fig. 5D ). Taken together, these results indicate that the lower levels of TOM complex observed in the absence of ab 0 -NAC and Sam37 are not directly responsible for the observed impairment in the biogenesis of other mitochondrial proteins.
With the limited amount of proteins evaluated in our study, it is not possible to generalize upon the characteristics of the proteins recognized by each NAC, or to explain the growth phenotypes observed, in particular at 25°C where we detect a growth defect in strains lacking a-or b 0 -NAC and SAM37 but not a defect in steady-state levels in any mitochondrial protein. One possibility is that the growth defect is the result of affected proteins that were not evaluated and remain to be identified.
The lack of ab 0 -NAC and Sam37 triggers an accumulation of precursor proteins in the cytosol from early stages of synthesis From the results presented above, the nuclear-encoded mitochondrial matrix protein Sod2 was of particular interest, not only because the amount of protein seemed diminished, but also because an additional higher molecular mass band appeared. We reasoned that this could correspond to the precursor protein, i.e. a version of Sod2 that still retains its mitochondrial targeting signal (MTS). Previous reports showed that it was possible to accumulate Sod2 in its precursor form by depleting the mitochondrial membrane potential [56] . To test this hypothesis, we performed a cellular fractionation experiment and separated crude mitochondria from the postmitochondrial supernatant (PMS), and analyzed the presence of Sod2 in both fractions by western blot (Fig. 6A) . In this experiment, we observed that the mature version of Sod2 (mSod2) was always located in the mitochondrial fraction, so as the control mitochondrial protein Oxa1, while the high molecular mass version (pSod2) remains in the supernatant along with cytosolic proteins such as Hog1. This result suggests that the DaDb 0 Dsam37 and DbDb 0 Dsam37 mutants show defective biogenesis of Sod2, which is not properly imported to the mitochondria. This effect was specific to the combined mutants, confirming the functional link between NAC and Sam37. It is interesting to notice that pSod2 is not degraded even when it is not imported correctly, which could mean that it is associated with some cytosolic chaperone and protected from degradation. To further explore if other NAC substrates were also behaving in the same manner, we performed a similar experiment using Mmf1, a protein previously reported as NAC substrate in protein import (Fig. 6B) [36] . It was clear that also in the case of Mmf1, a precursor form (pMmf1) accumulates in the PMS in the absence of b 0 -NAC and Sam37 as observed for pSod2. These results suggested that the specific lack of ab 0 -NAC and Sam37 leads to an impairment in protein import and, as a consequence, the precursor proteins are accumulated in the cytosol.
To distinguish if the accumulation of pSod2 was due to a problem in early steps of import by the specific lack of ab 0 -NAC and Sam37 before the precursor protein reached the mitochondrial surface, or if it was the result of a general defect of the TOM complex that is more sensitive to the overdose of the substrate proteins in our system, we cloned the complete SOD2 and MMF1 open reading frames and 300 bp of their 3 0 untranslated region (UTR), in the centromeric plasmid pRS316 [57] downstream of the inducible promoter GAL1, transformed it into the different mutants, and analyzed the appearance of Sod2 or Mmf1 after different times of induction (Fig. 6C,D) . It was possible to observe that the accumulation of pSod2 and pMmf1 in the Db 0 Dsam37 strain occurs from early induction times (3 h and 30 min, respectively) when the cultures are incubated at 30°C. In contrast, the single mutants Db 0 and Dsam37 showed patterns similar to the wildtype strain (Fig. 6A) . Since we observe that the precursor form is accumulated in the cytosol in these mutants and that this form appears from the first moments of their detection by western blot, we think that this could imply that protein import is compromised at early stages of protein import. Additionally, the result suggests again that the low level of TOM complex is not the reason for the defects we observed, as the precursor accumulation occurs from early moments of protein biogenesis, when a minimum amount of protein has been synthesized.
a-and b
0 -NAC subunits present a physical interaction with Sam37
We hypothesized that a physical interaction between ab 0 -NAC and Sam37 supporting mitochondrial protein import underlies the observed phenotypic results. We sought to test this idea by performing a protein-protein interaction assay by means of protein-fragment complementation assay (PCA), using mouse dihydrofolate reductase (DHFR) as reporter [58] . Briefly, DHFR was divided into two halves (domains 1-2, and 3) and fused to the 3 0 end of the ORF of our genes of interest, before the stop codon. Then we analyzed the growth of the resultant strains expressing the chimeric proteins in solid medium with methotrexate. If a physical interaction occurs, then yeast colonies are able to grow in the selection medium. We tested yeast strains expressing each of the NAC genes and either SAM37, TOM70 or OM14 (Fig. 7A,B) . The interactions between a-or b-NAC and Om14 were used as positive control, since they were previously reported as physical interactors [25] . In our hands, these two interactions were observed as described before, but an additional ) under the control of the GAL1 promoter were grown on 2% raffinose until an attenuance at 600 nm of 1.0 before the addition of 2% galactose. Samples were taken at the indicated time points and whole-cell extracts were purified, and proteins were separated by denaturing electrophoresis and probed using specific antibodies. pSod2 and mSod2 indicate the precursor and mature forms of Sod2 respectively; pMmf1 and mMmf1 indicate the precursor and mature forms of Mmf1, respectively.
interaction with b 0 -NAC was observed (Fig. 7A ). In the case of Sam37, we detected growth in the a-NACSam37 and b 0 -NAC-Sam37 pairs; however, there was no growth in the b-NAC-Sam37 combination. This implies that Sam37 specifically interacts with ab 0 -NAC, but not with b-NAC (Fig. 7B) . The apparently weaker ab 0 -NAC-Sam37, in comparison with the ab-NAC-Om14 interaction, could be due to the low level of expression of the BTT1 gene under standard laboratory growth conditions [23, 59] . Remarkably, despite the high levels of expression described for EGD1, the b-NAC protein was unable to interact with Sam37 indicating a specific functional role of the latter with ab 0 -NAC. The fact that both a-NAC-Sam37 and b 0 -NAC-Sam37 interactions are equivalently stronger suggests also that it is the ab 0 -NAC heterodimer whose function is related to Sam37 (Fig. 7B) [23, 59] . As an additional control, we used the b-NAC-Tom70 pair, where no growth was detected. Finally, since Sam37, Om14 and Tom70 could be working together during NAC-mediated ribosomal recruitment to mitochondria we tested possible physical interactions between these outer membrane proteins (Fig. 7C) . We could observe that both Sam37 and Tom70 can physically interact with Om14. Taken together, these results suggest the presence of a ribosomal docking port at the mitochondrial surface.
Sam37 and the 3
0 untranslated region of SOD2 mRNA act in parallel during Sod2 biogenesis Some mitochondrial proteins encoded in the nuclear genome produce mRNAs that can be found in the vicinity of this organelle guided by their 3 0 -UTR; it has been proposed that this localization facilitates import of the corresponding protein [10] . By massive studies, it was shown that SOD2 mRNA can be found in a peri-mitochondrial localization [60] ; furthermore, the import of its encoded protein can only occur in a coupled system where translation and import occur simultaneously [56] . We reasoned that ab 0 -NAC, Sam37 and the 3 0 -UTR of mRNAs encoding nuclearencoded mitochondrial proteins are elements involved in early recognition of mitochondrial proteins by the import machinery, and these three components could be acting in parallel. Hence, we decided to test if the import defect observed earlier could be aggravated by the simultaneous deletion of the 3 0 -UTR in SOD2 mRNA. For this we cloned a version of SOD2 without the 3 0 -UTR and transformed it into the different nac/ sam37 mutants to analyze the steady-state levels of the encoded protein (Fig. 8A) . We observed a dramatic decrease in Sod2 levels due to the elimination of the 3 0 -UTR in all the strains tested -including the wildtype -independently of the growth temperature of the cultures (25 or 30°C). This reduction was stronger when Sam37 was not present (Dsam37 and Db 0 Dsam37) at 30°C and, as previously observed, the accumulation of pSod2 only occurred in the Db 0 Dsam37 strain at this temperature. When the cultures analyzed were grown at 25°C, the 3 0 -UTR still had a strong impact on Sod2 levels but Sam37 and b 0 -NAC had no additional effect (Fig. 8A) . Since the 3 0 -UTR of any mRNA is important for its stability and this could be the reason why the amount of Sod2 protein is decreased in the mutants mentioned above, we decided to analyze the levels of SOD2 mRNA by real-time quantitative PCR (Fig. 8B) . Even though we observed a decrease in ) and plates were grown at 30°C.
mRNA levels on the strains expressing the SOD2 plasmid lacking its endogenous 3 0 -UTR compared with the wild-type strain, this decrease was not statistically significant (WT vs. WT D3 0 -UTR and Db 0 D3 0 -UTR). There was a further decrease in the SOD2 mRNA level in the Dsam37 and in the double Db 0 Dsam37 strains. Since the difference between the mRNA levels in the wild-type strain was not statistically significant, this alone cannot explain the decrease in the resultant Sod2 protein present in each sample. We therefore concluded that the 3 0 -UTR is important for correct Sod2 biogenesis as previously described [9, 10, 60] and that this signal and the one guided by ab 0 -NAC and Sam37 both contribute to the early steps of the biogenesis of Sod2.
Concluding remarks
In this work we show for the first time that b 0 -NAC, along with a-NAC and Sam37, plays an important role during cell development. We propose that these three proteins are components that recognize and deliver precursor proteins to mitochondria. It has been proposed before that NAC is involved in cotranslational protein import, as it is important for Fum1 biogenesis [50] . We evaluated the biogenesis of Sod2, another protein whose import is strictly cotranslational [56] and found that its biogenesis is affected, along with other proteins like Tom40, Oxa1 and Nfs1, in cells lacking ab 0 -NAC and Sam37. The observed effect is aggravated when the 3 0 -UTR of SOD2 mRNA is also missing, indicating that these two elements modulate the Sod2 biogenesis at different stages and cooperate during its proper import into the organelle.
We chose to focus on Sam37 because it was originally described as a possible receptor of the TOM complex [44] . Recently, it was found that Sam37 helps in maintaining the physical contact between SAM and TOM complexes during b barrel protein biogenesis [42] . It could be possible that this physical and functional association between Sam37 and the TOM complex, together with a transient interaction of Sam37 with ab 0 -NAC, facilitates the arrival of incoming proteins to the TOM complex. Moreover Om14 by directly interacting with Tom70 and Sam37 can promote the interaction of the ribosome with the mitochondrial outer membrane and thereby enhance the translationally coupled import process (Fig. 9) . Further studies are necessary to explain how ab 0 -NAC and Sam37 operate in a coordinated manner to guide mitochondrial precursor proteins to the surface of mitochondria. 
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Materials and methods
Yeast strains and growth conditions
All the strains used in this study were derived from the S288C-derivative parental strain Y8205 [61] . The entire open reading frames of EGD1, BTT1, SAM37 and TOM70 or nucleotides 1-414 of EGD2 were deleted by homologous recombination with the resistance modules KanMX4, nat1 or hph as described before [62, 63] . Table S3 shows 
Synthetic genetic array analysis
Synthetic genetic interactions were analyzed as previously described [32] . Briefly, MATa query strains (Da or DbDb 0 )
were grown in liquid medium (YPD) to logarithmic phase before being plated onto YPD solid medium to form a lawn. Prey MATa mutants were obtained from the EURO-SCARF BY4741 deletion collection mutants of non-essential genes. A total of 4844 viable mutants were grown in quadruplicate in 384 arrays on solid medium (YPD+G418, Sigma-Aldrich). Both query and prey mutants were pinned onto new plates for mating and diploids were selected in YPD+G418+hygromycin B (Roche, Penzberg, Bavaria, Germany) or SC-URA+G418+hygromicin B medium. Diploid cells were pinned on sporulation medium and incubated for 8 days at 22°C before they were transferred to selection medium for MATa haploid cells [SC-His/Arg/Lys supplemented with canavanine (Sigma-Aldrich) and thialysine (Sigma-Aldrich)]. Finally, cells were pinned on selection medium with appropriate antibiotics to score for single-and double-or triple-mutant growth. Growth (G) on both prey selection medium (+G418) and bait-prey selection medium (SC+G418+hygromycin B or SC-URA+-G418+hygromycin B) was scored by obtaining the integrated attenuance of each colony (25 measurements per colony, D 600 nm ) in a 384-well plate reader. Each experiment was performed in triplicate, and an interaction score was defined for each prey strain by subtracting the logarithm of the average growth of the single mutant Dx to that of the corresponding double (DaDx) or triple mutant (DbDb 0 Dx), that is,
respectively. Finally, a Z-score was assigned to each hit based on the distribution of 384 interaction scores obtained by combining the prey strain with a neutral insertion. Significant aggravating genetic interactions were defined using an arbitrary cut-off of Z-score < À3. Random spore analysis was performed for validation of results [32] . Briefly, diploid cells were obtained as described above and plated on sporulation medium. Spores were plated on solid medium with appropriate antibiotics to score for wild-type, single-, double-and triple-mutant growth.
Whole cell protein extracts
Whole cell protein extracts were prepared from cultures grown in synthetic medium with galactose as carbon source to a D 600 nm between 1.0 and 1.5. A volume containing D 600 nm of 2.0 was taken from each culture, cells were collected by centrifugation and washed once with distilled water before being lysed using a buffer containing 0.3 M sodium hydroxide (Sigma-Aldrich), 176 mM b-mercaptoethanol (Sigma-Aldrich) and 3.5 mM phenylmethylsulfonyl fluoride (Sigma-Aldrich) and incubated for 10 min on ice. Proteins were then precipitated using 12% w/v Receptors at the outer membrane like Sam37 and Om14 cooperate, holding the nascent chain and preventing undesired aggregation. Finally, the successful anchoring of translationally active ribosomes to the TOM complex is sealed by the presence of a MTS.
trichloroacetic acid (Merck Millipore, Billerica, MA, USA), and washed with cold acetone (Sigma-Aldrich). The resultant protein pellet was resuspended in loading buffer and the volume corresponding to D 600 nm of 0.2 was loaded on 17.5% SDS/polyacrylamide gels. Proteins were electrotransferred onto nitrocellulose membranes (Amersham, GE Healthcare Life Sciences, Chicaco, IL, USA) and decorated with specific antibodies. For Sod2-2HA and Mmf1-3HA induction, cell cultures were grown on synthetic medium without uracil using raffinose as carbon source to a D 600 nm of 1.0. Galactose was then added to a final concentration of 2% and total protein extracts were prepared at the indicated times and treated as described before.
Cell fractionation
Crude mitochondrial fractions were prepared essentially as described previously [64] . Briefly, yeast strains were grown on synthetic medium with galactose as carbon source to a D 600 nm between 1.0 and 1. 
Blue native electrophoresis
Mitochondrial fractions (250 lg) were pelleted and washed in 250 mM sorbitol and 50 mM Bis-Tris pH 7 (SigmaAldrich). The pellet was resuspended in 45 lL of Sample Buffer [aminocaproic acid 750 mM (Sigma-Aldrich), BisTris 50 mM pH 7 (Sigma-Aldrich)]. Five microliters of 10% w/v digitonin (Calbiochem, Merck Millipore, Billerica, MA, USA) were added and samples were incubated for 30 min on ice for solubilization. Samples were centrifuged at 16 000 g for 12 min at 4°C. Supernatant was recovered and 2.5 lL of 5% (w/v) Coomassie Brilliant Blue G-250 (Serva, Heidelberg, Germany), dissolved in sample buffer, was added. The volume corresponding to 100 lg protein from each sample was loaded on 5-13% polyacrylamide gels. After separation at 4°C proteins were electrotransferred onto poly(vinylidene difluoride) (Immobilon-P Transfer Membrane, Merck Millipore) membranes, and probed with the specific antisera.
Protein-fragment complementation assay
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